Abstract Semi-natural wet meadows are threatened by drainage, the abandonment of traditional management and climate change. The large blue butterflies Maculinea teleius and M. nausithous are flagship species associated with wet meadows and are the targets of many conservation programmes. However, there is little knowledge on the impact of natural catastrophes, such as floods, on the persistence of these butterflies. In our study we tested how a flood that resulted in the temporary inundation of meadows affected populations of M. teleius and M. nausithous. Studies were conducted in two consecutive seasons of 2009 (with 'normal' weather) and 2010 (with extreme rainfall and a consequent flood in May) in a wet meadow complex located in the Vistula River valley in southern Poland. In both years the abundance of adults was estimated for each local habitat patch (n = 55) within sympatric metapopulations of both species. Additionally, in June 2010, i.e. directly after the flood and shortly before the flight period, a total of 754 Myrmica ant nests in 10 habitat patches (6 inundated vs. 4 not inundated) were checked for the presence of Maculinea larvae and pupae. We found no impact of inundation on year-to-year changes in adult population sizes. The probability of occurrence of Maculinea larvae and pupae in ant nests was higher in temporarily inundated meadows. Our results indicate that temporary inundation occurring after long-term downpours does not negatively affect the investigated species even during the larval period in ant nests at ground level. This provides an argument against drainage works in wet meadows with Maculinea butterflies.
Introduction
Most recent climate change models predict that extreme weather events such as flooding or long periods of drought will become more frequent in the near future (Cowie 2007; Fronzek et al. 2012) . Global changes interplay with human activities such as intensification of land-use practices, development of urban areas and land drainage, all contributing to the alteration and/or loss of semi-natural habitats and species occurring in them (Benton et al. 2003; Settele et al. 2008) . Wet meadows are an example of semi-natural habitats characterised by high biotic diversity, including rare butterfly species, and are particularly vulnerable to environmental changes (Maes and Van Dyck 2001; Robinson and Sutherland 2002; Saarinen et al. 2003; Van Buskirk and Willi 2004) . Butterflies, with their typically specialised and rather sedentary larval stages, are sensitive to the condition of their habitats and this makes them good indicators of ecosystem changes. Nevertheless, there is still little knowledge about the impact of extreme weather events on local butterfly populations and more studies are required (Gibbs et al. 2011) .
Studies on several wet meadow species revealed differing responses to floods. There is a generally positive correlation between submergence time and mortality, however, different species are resistant to submergence to a varying extent Pullin 1997, 1999; Konvička et al. 2002; Webb and Pullin 1998) . However, Truxa and Fiedler (2012) did not detect a negative impact of floods on moth assemblages, even in the case of species whose caterpillars live at the ground level. Moreover, the immature life stage of overwintering butterflies may be key to survival during flooding: while non-mobile Lycaena xanthoides eggs (Severns et al. 2006) or Neptis rivularis hibernacula (Konvička et al. 2002) experience relatively high mortality during flooding, Lycaena dispar batavus second instar larvae do not (Webb and Pullin 1998) .
Maculinea (= Phengaris) teleius (Bergsträsser, 1779) and M. nausithous (Bergsträsser, 1779) with IUCN threat criteria Lower Risk/near threatened (IUCN 2012) are considered as useful indicators of grassland biodiversity (Settele et al. 2005) . Moreover, they have become flagship species for nature conservation, especially in EU countries (Thomas and Settele 2004; Thomas et al. 2009 ). Both species occur in wet meadows and are threatened by anthropogenic impacts, such as fragmentation, abandonment of traditional management and drainage works (Batáry et al. 2009; Dierks and Fischer 2009; van Swaay et al. 2010; van Swaay 2012) . On the other hand, under natural conditions Maculinea populations are remarkably stable (Nowicki et al. 2005b, c) , and unlike many other butterfly species their dynamics are weakly influenced by weather patterns (Nowicki et al. 2009 ). Obviously, this does not preclude their possible vulnerability to extreme weather events. In particular, since Maculinea larvae spend 11-23 months living as parasites in Myrmica ant nests at ground level Tartally and Varga 2008; Thomas 1984; Thomas et al. 1989; Witek et al. 2006 Witek et al. , 2010 , they are occasionally exposed to temporary inundation due to heavy rainfall and/or floods.
To our knowledge, however, there have been no attempts at examining the effects of floods on Maculinea. Our aim was thus to test how a flood that resulted in temporary inundation of meadows affected populations of M. teleius and M. nausithous. We focused on year-to-year changes in adult numbers as well as on larval survival in ant nests by taking advantage of a flood that occurred in our study region in the spring of 2010.
Materials and methods

Study sites
The study was conducted in 2009 and 2010 within a large meadow complex located in the Vistula River valley in Kraków, southern Poland (50°01 0 N, 19°54 0 E, Fig. 1 ). The meadows include 55 patches (size range: 0.01-33 ha; total area ca. 200 ha) with Sanguisorba officinalis, which is the foodplant as well as the primary nectar source of both M. teleius and M. nausithous (Thomas 1984; Thomas et al. 1998) . All patches are inhabited by local populations of both species. They form classic metapopulations, with local populations acting as independent demographic units: neither local abundances nor their year-to-year changes show any spatial autocorrelation (Nowicki et al. 2007 ; see also Nowicki and Vrabec 2011) . Nevertheless, local extinctions occur only sporadically and patch occupancy reaches 94-100 % in any given year (Nowicki et al. 2007; authors' unpubl. data) .
The flood in the Vistula river basin began on May 17, 2010 during heavy rainfall with total precipitation of 146 mm in that month (http://www.pogoda.ekologia.pl/Archiwum/ Archiwum_pogody/Krakow.2010-05-16). Although our study area is protected by a system of embankments and thus was spared by the main flood wave from the Vistula, local tributaries overflowed and submerged adjacent meadows. The water typically reached 20-30 cm in depth and remained on the meadows for about 3 weeks, although water remained in ground hollows until mid August.
Virtually all the Maculinea habitat patches within the study area were affected by the flood, although to a highly varying degree. Regretfully, we were not able to quantity the extent of inundation (e.g. water depth, inundated area, duration, etc.) due to safety and logistic reasons. Therefore, flood impact was assessed through hydrological modelling conducted using the GIS Idrisi software (Eastman 1997 ). We applied the Topmodel (Beven and Kirkby 1979 ; see this reference for the detailed description of the model), which represents a well-established standard for modelling basin hydrology, based on its topography (Pan et al. 2004 ). Due to the lack of fine-scale data we assumed for simplicity that the rainfall was uniform across the area, and that the soil was able to store one third of the rainfall. The former assumption is reasonable, concerning relatively small spatial dimensions of the study area (5 9 7 km), and the latter is concordant with our personal observations that the first inundations occurred ca. 24 h after the start of ca. 72-h downpour. With the model applied, we were able to estimate the proportion of overflown area (precisely ''saturated area with overland flow'', following the Topmodel terminology) for each habitat patch, which was subsequently used as a proxy of inundation extent.
Testing the response of adult populations to flooding Local population sizes of M. teleius and M. nausithous have been continuously monitored since 2003, and were assessed with the catch per-time-unit method conducted during peak occurrence of adult butterflies in late July each year. This method allows the estimation of peak population sizes which are subsequently extrapolated into seasonal population sizes using the method described by Nowicki et al. (2005a) , which was tested and parameterised at the patches intensively investigated with mark-recapture surveys (Nowicki et al. 2005a (Nowicki et al. , 2007 . The estimates yielded by the catch-per-time-unit method proved to be highly concordant with those derived with mark-release-recapture for intensively studied patches (Nowicki et al. 2007) .
A generalized linear model (GLM) with binomial error variance and logit-link function was applied to evaluate the impact of inundation index, on the increase or decrease of abundances of butterflies in local populations, separately for M. teleius and M. nausithous. The dependent variable was then coded as a binary variable with ''0'' assigned for local populations that increased and ''1'' for local populations that decreased between 2009 and 2010.
A GLM with Gaussian error and identity-link function was applied to evaluate the impact of flooding on magnitude of year-to-year population size change, separately for M. teleius and M. nausithous. The proportional year-toyear change in population size (population size in 2010 divided by size in 2009) was used as the dependent variable. Several patches lacking a local population in 2009 were removed from the analysis, and thus the sample sizes comprised 52 and 53 patches for M. teleius and M. nausithous, respectively. The explanatory variable in the above analyses was the inundation extent derived with the Topmodel. The analyses were performed using IBM SPSS Statistics version 19.0.0 (SPSS Inc. 2010).
Testing the response of larvae in ant nests to flooding In June 2010, directly after the flood and shortly before the flight period of both investigated species, ten habitat patches were selected to check for the impact of inundation on the presence and abundance of Maculinea larvae and pupae in Myrmica ant nests (Fig. 1) . Six patches had been previously entirely under water for ca. 3 weeks, while the remaining were hardly at all inundated. We looked for Myrmica ant nests within a distance of 2 m from foodplants. This procedure ensured that all nests found could potentially be infested because a 2-m radius around foodplants is a typical foraging range for Myrmica ants, within which they bring Maculinea larvae to their nests . Search effort was standardised across patches and constituted about 6 h per 100 nests in a patch by three persons. Randomly selected ant nests were opened and examined for Maculinea larvae and pupae. Since the study period corresponded to the time when fourth-instar larvae or pupae stay in the upper parts of ant nests or in brood chambers, they were relatively easy to find. Larvae of M. teleius and M. nausithous were identified using the key by Ś liwińska et al. (2006); however species identification was impossible in the case of pupae.
In order to quantify potential differences in the species composition of putative host ants (M. scabrinodis, M. rubra, Fig. 1 Map of local populations of M. teleius and M. nausithous occupying Sanguisorba officinalis patches (grey polygons) in the Kraków region, southern Poland. Symbols indicate inundated (I1-I6) and not inundated patches (C1-C4), in which ant nests were surveyed (see Table 1 for details). Solid lines represent water courses, both natural (streams) and artificial ones (ditches)
M. ruginodis, M. tulinae) among the investigated habitat patches, we obtained ant workers from a random sample of 439 nests and preserved them in 72 % alcohol for further laboratory identification using the key by Czechowski et al. (2002) . The relative nest frequencies of potential host ant species did not differ between inundated and not inundated patches (Mann-Whitney U test, P M. rubra = 0.7237; P M. scabrinodis = 0.2888; P M. ruginodis = 0.4795; P M. tulinae = 0.7246).
The effect of inundation on Maculinea larvae and pupae presence in host ant nests was analysed using a generalized linear mixed model (GLMM) with binomial error variance and the logit-link function. Patch fate (inundated or not inundated), ant species and log transformed habitat patch area were applied as independent factors, while Maculinea absence/presence constituted a 0-1 dependent variable. Patch identity (ID) was adopted as a random factor. Since M. teleius and M. nausithous pupae are indistinguishable (Ś liwińska et al. 2006) , in the first step the data on larvae and pupae of both species were pooled together to check if inundation influenced the chances of Myrmica nests being infected by either Maculinea species. Next, we analysed the impact of inundation separately for the presence of M. teleius and M. nausithous larvae. Again, all interaction terms of fixed factors were excluded from the final models if non-significant. The data collected have obvious limitations resulting from the fact that there is no complete data of ant species composition for some of the studied meadows. For this reason we also conducted the second analysis in which all the ant nests were pooled together, and the 'ant species factor' was not considered.
In addition, we compared the abundance of Maculinea larvae in infested nests between inundated and not inundated patches using GLMM with negative binomial error variance and log-link function. The structure of the model was analogous to that for the presence of larvae and pupae in ant nests.
Results
Overall metapopulation size was estimated at 73 ± 9 thousand (N ± SE) M. teleius adults and 64 ± 11 thousand M. nausithous adults in 2009. In the following year, i.e. after the flood, it remained at the same level, 74 ± 7 thousand adults in M. teleius, but decreased to 41 ± 5 thousand adults in M. nausithous. While the change in the latter species may suggest a negative effect of flooding at first glance, it reflected typical year-to-year fluctuations in butterfly numbers. More importantly, it was in fact mostly caused by the sharp drop recorded in the single largest local population which in 2009 peaked at 21.5 thousand adults, i.e. by far the highest number recorded over a 10-year monitoring period, and in the following year it returned to the normal level of 3.5 thousand adults (open squares in Fig. 2) . It has to be emphasized that this particular population occupies a patch that was spared by flooding (C1 in Table 1 ). Altogether, 27 local populations of M. teleius increased and 25 decreased in size from 2009 to 2010 and the decrease or increase was not related to inundation index (GLM F 1, 48 = 1.261, P = 0.267). For M. nausithous, 22 and 31 local populations increased and decreased in size, respectively, but these changes were again not related to inundation index (GLM F 1, 49 = 0.161, P = 0.690). Similarly, magnitude of year-to-year changes in local population sizes was not related to inundation extent in both M. teleius (GLM F 1, 50 = 0.125, P = 0.725) and M. nausithous (GLM F 1, 51 = 0.427, P = 0.516).
We examined 754 Myrmica ant nests and found 133 of them infested by Maculinea: 120 within inundated patches and 13 within not inundated patches (Table 1) . None of factors affected occurrence of Maculinea larvae or pupae in the model with the ant species factor (Table 2a) . When larger sample size was analysed (but excluding the 'ant species' factor), the probability of occurrence of Maculinea larvae or pupae in ant nests was-somewhat surprisinglysignificantly higher in inundated patches (Table 2b ; Fig. 3 ). Patch area did not correlate with Maculinea occurrence in ant nests (Table 2b ; Fig. 3 ). Separate analyses for larvae of both butterfly species revealed that M. teleius larvae occurred in a larger proportion of ant nests in inundated patches as compared with not inundated patches (Table 2b ). In the case of M. nausithous this relationship was non-significant (Table 2b) . However, the sample of analysed M. nausithous larvae was much smaller which have reduced the power of the tests applied and might have (Table 2c ).
Discussion
Our results suggest that there was no negative impact of the flood in the spring 2010 on the investigated local populations of Maculinea butterflies. The M. teleius larval infestation rate in ant nests, a key parameter for Maculinea population dynamics (Hochberg et al. 1994) , was actually higher in the temporarily inundated habitat patches if the 'ant species' factor was excluded from the model. Clearly, this finding does not necessarily imply larger larval populations therein, because it may be accounted for by potential differences in Myrmica ant nest densities that we did not estimate (although it should be noted that search effort was standardised across patches). For instance, we (42) 11 ( I1-I6 represent patches inundated in spring 2010, whereas C1-C4 are not inundated patches Table 2 Results of the generalized linear mixed model for factors affecting the occurrence (with factor 'ant species' (a) and without factor 'ant species' (b)) and abundance (c) of Maculinea larvae or pupae in host ant nests Factor Maculinea larvae and pupae pooled M. teleius larvae M. nausithous larvae cannot exclude the possibility that the higher larval infestation rate in inundated patches stems from a higher proportion of small ant nests eliminated by the inundations. Small ant nests are less likely to support Maculinea larvae (Witek et al. , 2010 . Admittedly, the comparison of infestation rate in a single season between inundated and non-inundated meadows does not constitute a proper experimental design, because the sites may also differ in other environmental characteristics affecting the chances of Maculinea larvae survival in ant nests (e.g. soil conditions). Nevertheless, it is worth noting that the outcome of our analysis of larval occurrence is consistent with the results of those concerning adult butterfly populations. Most importantly, local adult populations did not decrease in the year when inundation took place. In contrast, WallisDeVries (2004) detected a negative impact of floods on Dutch populations of M. alcon. In our study area M. alcon co-occurs with M. teleius and M. nausithous, even their larvae are frequently found together in the same ant nests, which may suggest similar habitat requirements and resistance to flood. The discrepancy between the Dutch study and our results may reflect different characteristics of floods in both regions rather than ecology of the species. Possibly, flood water is deeper and resides for a longer duration on the low-lying floodplains of the Netherlands as compared to our study area. In addition, it cannot be excluded that geographical differences in habitat requirements of Maculinea butterflies may be responsible for the discrepancy between the results obtained in the Netherlands and Poland. Unfortunately, there is no available data to resolve this interesting problem.
Generally inundation is regarded as a harmful process for most grassland invertebrates due to strong alteration (at least temporarily) of habitats (Plum 2005) . Simultaneously, insect larval stages seem to be the most resistant to local inundation (Plum 2005) . Historically, the ground water level in our study area fluctuated between -2 and 0 m, but management and drainage works have led to its decrease (Pociask-Karteczka 1994) . Moreover, metapopulations of the investigated butterflies have been historically exposed to relatively frequent floods occurring on average once per decade (data from the seventeenth to twentieth centuries; Bielański 1997), and thus they may have adapted to survive such events (Nichols and Pullin 2000) . Moreover, local and small-scale water level fluctuations in meadows rarely lead to the entire patch area being covered by water. At our sites, despite an often extensive area of inundation, the water level did not cover high Carex sp. or Molinia sp. clumps which thus might have acted as refuges for ants.
Since our study suggests that temporary inundation does not affect Maculinea butterflies negatively, it is worth considering the possible benefits of floods. Occasional flooding increases soil humidity which may be profitable for many wet meadow species. In particular, Batáry et al. (2007) found that soil humidity was one of the best predictors for M. teleius presence in a mosaic landscape in Hungary. Moreover, soil moisture is an important factor shaping ant assemblages (Baccaro et al. 2010) . Thus, temporary flooding can possibly stabilise host ant communities. In addition, flooding may benefit plant communities of wet meadows. Although shrubs and young trees are likely to suffer from inundation, herbaceous plants have developed strategies for successful reproduction in occasionally flooded areas (Burmeier et al. 2010) . In this way floods may prevent or at least slow down succession on abandoned meadows. Moreover, it has been demonstrated that seed banks in flooded meadows are particularly rich in seeds of rare and endangered species (Hölzel and Otte 2004) .
Our findings offer conservationists and land managers an argument against the drainage of wet meadows. For several decades drainage programmes have been enforced in Central Europe, mainly as efforts to increase the area of arable land or as flood prevention measures. This has decreased ground water level and often led to meadow desiccation (Kowalska 2009 ). The investigated butterflies are well adapted to living in wet meadows, thus short-term inundation after heavy rainfall may be potentially helpful to restore the formerly drained and desiccated habitats.
